An integrated endoscopy system for simultaneous imaging and spectroscopy was developed to facilitate more accurate and convenient detection of early lung cancers. A specially designed three-CCD camera in combination with a dedicated light source permits capture of both white-light color images and tissue autof luorescence images without the need to switch between two different cameras. A mirror with an optical fiber at its center, placed at an interim imaging plane inside the camera unit, facilitates simultaneous imaging and spectroscopy measurements in either white-light ref lectance mode or f luorescence mode. The system has been successfully tested in a clinic, demonstrating a practical approach to improve both diagnostic sensitivity and specificity at the same time.
White-light ref lectance (WLR) color imaging endoscopy is the standard for clinical detection and localization of lung cancer. However, it suffers from poor sensitivity for early cancer detection. The diagnostic sensitivity of WLR imaging for early lung cancer is only ϳ9%.
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Over the past decade, tissue autof luorescence imaging has been developed that significantly improved the detection of early lung cancer. 1, 2 Fluorescence (FL) imaging in combination with WLR imaging improves the carcinoma in situ detection sensitivity by f ivefold. 1 However, the detection specificity of FL imaging in combination with WLR imaging is reduced to 66% compared with 90% for WLR imaging alone. 1 The lower specif icity of FL imaging results in false positive biopsies, longer endoscopy procedures, and increased medical costs. In this Letter we present an integrated imaging and spectroscopy system that employs FL imaging to achieve high diagnostic sensitivity while at the same time using spectroscopy to achieve high diagnostic specificity. A spectroscopy attachment consists of a mirror with an optical f iber at its center placed at an interim imaging plane inside the camera, facilitating simultaneous imaging and spectroscopy. Spectral measurements are performed without introducing a f iber-optic catheter through the endoscope biopsy channel to touch the tissue surface as in conventional endoscopic spectral measurements, 3 overcoming inconvenience associated with f iber catheters and interference with biopsy forceps and therapeutic tools.
The system consists of a light source, an endoscope, a camera unit, a CCD spectrometer (USB2000, Ocean Optics), and a PC. The light source is similar to what was used by us previously, 4 except that a xenon arc lamp is used. The source provides both white light for WLR imaging and ref lectance spectroscopy and strong blue light plus weak near-infrared (NIR) light (720-800 nm, 4 mW) for FL imaging and FL spectroscopy. Switching of these two illumination modes is achieved with a stepper motor that moves two different filters into the optical path. The illumination fiber bundle of the endoscope is interfaced to the light source to illuminate the bronchial tree, and the imaging bundle of the endoscope collects and relays the ref lected and the FL light from the tissue surface to the camera unit for imaging and spectroscopy. An optical f iber carries light from a spot at the center of the image, which corresponds to an area of ϳ1-mm diameter at the tissue when the endoscope tip is ϳ10 mm from the tissue surface, to the spectrometer for spectral analysis. We installed a fixed bandpass (BP) f ilter (470-700 nm) at the spectrometer entrance to block the backref lected blue light and NIR to facilitate f luorescence spectral measurements. The camera optical layout is shown in Fig. 1 . It consists of three imaging channels: a blue channel (B) that is responsive to light in 400 -500 nm, a green channel (G) of 500 -600 nm, and a red͞NIR channel (R͞NIR) of 600-800 nm. Dichroic mirror 1 accepts the image beam entering the camera and ref lects light below 500 nm, while transmitting light above 500 nm. Dichroic mirror 2 ref lects light below 600 nm and transmits light above 600 nm. BP filter 1 passes light in 400 -500 nm, and lens 1 focuses the transmitted blue beam to form an image at CCD 1, which outputs a standard B video signal. BP filter 2 passes light in 500-600 nm with an out-of-band rejection optical density larger than 5, and lens 2 focuses the transmitted green beam to form an image at CCD 2, which outputs a standard G video signal. BP filter 3 passes light of 600 -800 nm with an out-of-band rejection optical density .5, and lens 3 focuses the transmitted red͞NIR beam to form an image at CCD 3, which outputs a standard R video signal.
The convolutions of the light-source output spectra, the tissue responses to incident light, and the camera spectral responses of individual channels were utilized to generate the desired system spectral responses to facilitate both WLR and FL imaging with the same set of sensors in our camera. Figure 2 outlines the convolution processes. Curve 1 in Fig. 2(a) is the light-source output spectrum in the WLR mode, basically a quite f lat prof ile in the visible wavelengths 400-700 nm, curve 2 is the tissue ref lectance response, and curve 3 is the spectral responses of the three imaging channels. The B and G channels have responses similar to that of a commercial RGB color camera, while the R-NIR channel has a spectral response range 600 -800 nm wider than a commercial RGB color camera (600-700 nm). The convolution results depicted in Fig. 2(c) are identical to those for a commercial RGB color camera.
The light-source output spectrum in the FL imaging mode, shown in Fig. 2(d This convolution approach of image formation has allowed us to perform both WLR and FL imaging with a single camera without any mechanical switching, resulting in a more compact, less expensive, user friendly, and lighter camera. Image mode switching is realized by changing between two filters in the light source. Of course, the camera is switched to different gain settings when the imaging mode is changed.
Noncontact, simultaneous spectral measurement with imaging is performed by placing a specially designed spectral attachment between the endoscope eyepiece and the camera. Figure 3 is the optical layout of this attachment (yellow shaded section). Light coming out of the endoscope is focused by lens 4 to form an interim image at the fiber -mirror assembly. This assembly is fabricated by drilling a hole through a mirror, then mounting a 200-mm core-diameter taper fiber through the hole. A cover glass is attached to the mirror surface to prevent dust from accumulating on the image plane and affecting the image quality. The f iber is placed at an angle to the mirror surface so that its end face is perpendicular to the incident beam to collect all the light falling on the f iber. The fiber collects light from a 200-mm spot at the center of the image and transmits the photons to a spectrometer for spectral analysis. This taper f iber has a 100-mm core diameter at the spectrometer end to achieve a spectral resolution of 5 nm. the camera (in Fig. 1 ) for electronic image acquisition. The image will have a dark spot appearing at the center that originates from light being carried away by the f iber, showing exactly where the spectrum is acquired from on the image, serving perfectly as an automatic alignment mechanism. A perfect image without the f iber dark spot can be obtained by sliding the fiber -mirror assembly by a solenoid along the arrow direction shown in Fig. 3 so that the fiber is moved outside the f ield of the interim image.
The system is easy to use, and the WLR image quality is comparable to, while the FL image quality is superior to, existing systems because of the use of highly sensitive CCDs instead of intensified CCD cameras. The images acquired have better linearity, a higher signal-to-noise ratio, and a larger dynamic range than intensified CCDs. The spectral data also showed an acceptable signal-to-noise ratio. Figure 4 shows example images and spectral curves of a CIS lesion obtained with our system during a patient endoscopy procedure. Figure 4(a) is the WLR image with the optical fiber almost outside the interim image field; Fig. 4(b) is the WLR image when the fiber is aligned with the CIS for spectral measurement and appears as a black spot; Fig. 4(c) shows the ref lectance spectra obtained from the CIS and its surrounding normal tissue. Hemoglobin absorption at 540 and 580 nm is clearly discernible. The ratio spectrum of the CIS divided by normal is roughly constant below 580 nm but increases monotonically above 580 nm. Figure 4(d) is the FL image with the fiber almost outside the interim image field; Fig. 4(e) is the FL image when the fiber is aligned with the CIS for spectral measurement; Fig. 4(f ) shows the f luorescence spectra from the CIS and its surrounding normal tissue. The spectrum has a maximum intensity near 512 nm. The f luorescence intensity of the CIS is significantly lower than that of the normal tissue. The f luorescence ratio of the CIS divided by normal is roughly constant below 580 nm but increases monotonically above 580 nm, similar to the ref lectance ratio spectrum.
In conclusion, an integrated imaging and spectroscopy system has been designed, constructed, and evaluated clinically. It is capable of conveniently acquiring a WLR image, a FL image, a ref lectance spectrum, and a f luorescence spectrum without introducing an optical f iber catheter through the instrument channel of the endoscope, presenting great potential to improve both diagnostic sensitivity and specificity at the same time for early lung cancer detection.
This work was supported by SpectraVu Medical, Inc. H. Zeng's e-mail address is hzeng@bccancer.bc.ca.
